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INTRODUCTION 
Over the past 40 years the problem of nonspecular reflection of bounded beams from 
fluid-solid interfaces has been extensively studied. Early investigations by Schoch [1] and 
Bertoni and Tamir [2] have concentrated on planar structures, both halfspaces and plates. 
More recent studies on reflection of sound from cylinders have concentrated on far-field 
scattering with emphasis on azimuthal resonance phenomena [3, 4], and on specular 
interaction of well-collimated beams with fluid-solid cylindrical interfaces [5, 6]. 
The problem discussed here, nonspecular sound beam reflection from cylindrical shells, 
emphasizes incident beams that have significant coverage of the shell surface, and their 
anomalous reflection which occurs when the incident beam is phase-matched to one or more 
leaky waves supported by the shell. Zeroug and Felsen [7] theoretically studied this case 
using a complex-point-source (CSP) asymptotic formalism. Lately, this theory has been 
extended to account for finite receivers through the complex-transducer-point (CTP) 
method [8]. The CSP method and its extension are briefly discussed in the Theory. We 
present results of the experimental verification of the theoretical model through the use of 
cw fields extracted from time-domain measurements of the reflected field. 
THEORY 
The nonspecular reflection of finite beams from cylindrically layered structures has 
been previously modeled using the CSP method in [7, 9]. The CSP method, by displacing 
the source position into complex space, converts a simple line-source field into a 
quasi-Gaussian sheet beam in real space. The solution to the total reflected field from a 
fluid-loaded cylindrical shell can be obtained by spectral decomposition of the real-point 
source field in terms of an infinite spectrum of angularly propagating waves indexed with a 
continuous spectral wavenumber v. Within this decomposition, the radial dependence of the 
source wave field can be expressed in terms of cylindrical functions which satisfy the 
Helmholtz wave equation. In addition, the interaction with the shell is accounted for by a 
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global reflection coefficient R(v). The spectral integral solution for the NSR field is then 
converted to pertain to a beam source through CSP substitutions of the real coordinates of 
the source [7]. 
The CSP method has recently been extended with the aid of the reciprocity principle 
to the CTP method [8] to model reciprocal, electroacoustic transmitting and receiving 
transducers with quasi-Gaussian distributions. When receiving, a CTP is a 
complex-receiver-point (CRP) generated by displacing the position of a real line observation 
into complex space. Hence, the integral solution, mentionned above, can be further 
extended to yield a time-harmonic voltage Vn(p, p') pertaining to the situation where the 
reflected field, due to a transmitting quasi-Gau~sG,n transducer at p' == (p', ¢'), is detected 
by a second quasi-Gaussian transducer at e == (p, ¢). A high-freque~cy form of the integral 
is then obtained upon replacing the cylindrical functions by Debye asymptotic forms that 
are valid in the parametric regimes of interest [7]. This is followed by asymptotic evaluation 
of the integral by the steepest descent-path method applied to deformed contours in the 
complex v plane. The voltage V~SR(p, p') due to the nonspecularly reflected (NSR) field is 
found to be given by the sum of the ;;-p;;-cularly reflected (SR) field (denoted by V-kR(p, p')) 
and M leaky waves (denoted by VJr(e,e')). V~SR = V-kR + v-kw where [10], --
K R(v ) exp[ikfCL' + £) + i1l'/4] 
s 2V21l'kf(f/ + £) 
a(f./ + £) sin ,a I 
2f/£ + a(f/ + £) sin ,a ';s 
with 
f/ = p' sin~' - a sin fa Ivs , £ = .0 sill''Y - a sin fa Ivs , 
_ -1 V 
,= cos kfP' 
-1 V 
,a = COS -k ' 
fa 
K = 2i1l'wPfC(w) V(p'sin")/(psin,). 
(1) 
(2) 
(4) 
(5) 
(6) 
In Eq. (6), , and " are defined similarly to Eq. (5) but with .0 and .0' replaced with p and 
p', respectively, whereas C(w) is a frequency-dependent factor accounting for electrical 
transfer characteristics that can be deduced from a calibration experiment. In Eq. (2), TO is 
the transition function defined in [7]. Vs is the saddle point of the reflected field defined by 
the relation 
(7) 
whereas VPj defines the jth pole of the reflection coefficient R(v), with residue denoted by 
Res{R(v)}pp. For the numerical calculations, we have assumed locally planar assumptions 
and used R( k) corresponding to a thin plate of equal thickness to the shell, ie. k == v / a, 
where a is the shell mean radius [9]. In the above, kf = w/vf is the wavenumber in the fluid, 
v f is the sound speed in the fluid, Pf is the fluid density, and w is the angular frequency. 
Furthermore, the CSP and CRP complex cylindrical coordinates, (.0, ¢) and (.0', ¢'), follow 
from their Cartesian forms (x, y) and (x', y'), 
- )-2 -2 p'= x' +y', (8) 
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Figure 1: Top view of experiment geometry showing relative locations of transmitter and 
receiver. 
where, 
x' = x' + ib' sin a' , if' = y' + ib' cos a' , i = x - ib sin a , y = y + ib cos a . (9) 
The real positive parameters b' and b specify the CSP and CRP beam Fresnel lengths, 
respectively. ex' is the CSP beam launching angle and a is the CRP receiving angle (see Fig. 
1). Similarly to the CSP field [7], the CRP field (if the CRP were to radiate) has a Gaussian 
beam profile which attains its maximum along the direction a. Its waist is centered at (x, y) 
and its lie width w is related to b through w = J2blkf. Through b', a', b and a', the CTP 
method allows for modeling of Gaussian-beam transmitters and receivers with arbitrary 
collimation and orientation. 
EXPERIMENTAL PROCEDURE 
Cylindrical samples of various materials and dimensions have been studied to 
determine the validity and limitations of the theoretical model. Samples were selected to 
provide a variety of test cases. Three common materials were chosen to examine the effect 
on the reflected field: steel, aluminum, and copper. Several cylinders of different radii were 
also selected. 
The shells were fabricated from sections of commercially available tubes with wall 
thicknesses on the order of the water wavelength. A 4" to 8" long section was cut from each 
tube and mounted on an acrylic disk using an RTV silicone sealant. The RTV provides an 
air-tight seal, allowing the shell to be loaded internally with either water or air. 
Experimental results for two shells will be presented below: 301 series stainless steel, 57 mm 
radius x 2.3 mm wall; polycrystalline copper, 40 mm radius x 1.14 mm wall. The acoustic 
properties of 301 stainless steel and copper are listed in [11]. All measurements are 
conducted with ULTRAN W575-1 19 mm diameter, IMHz, flat piston transducers. At 
IMHz and 20°C, the water sound wavelength is 1.5 mm; the measurements are taken in the 
far-field , 150 mm from the interface. 
A multi-axis positioning system manufactured by the Panametrics Co. is used for all 
measurements reported here. The scanning system provides a total of five degrees of 
freedom for each transducer: translation along the x, y, and z axes as well as rotation in the 
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Figure 2: Time signal plot for copper shell at (}i = 28° showing separation of specular and 
nonspecular components of the reflected field. 
horizontal and vertical planes. Figure 1 shows a diagram of the experimental geometry. The 
transmitter and receiver are aimed at the shell at equal angles of incidence to the surface 
normal. During the measurement process, the transmitter remains fixed in position while 
the receiver is scanned around the circumference of the shell. Both transducers remain at 
the same distance from the interface throughout the scan. The observation angle ((}o) is the 
angle between the points of incidence of the transmitter and the receiver. All graphs of the 
reflected field are plotted against (}o. 
Data collection is computerized and completely automated. The entire waveform is 
digitized at each measurement point at a sampling rate of 20MHz. Capturing the entire 
waveform maximizes the information acquired on the reflected field. The data can be viewed 
in three useful forms which will be shown below. The first is the raw waveform; the second 
is the Fourier transformed signal, showing the full frequency spectrum; the third is the 
IMHz component of the transformed data. 
RESULTS 
Figure 2 shows the first form in which the data can be displayed. The waveforms are 
stacked vertically by observation angle. Each component of the reflected field, specular and 
nonspecular, travels at a different velocity and along a different path. These paths are 
shown in Figure 3(a). The specular reflection is confined to the water, and thus travels at 
V w . The path of the nonspecular reflection lies partially in the solid, and thus will travel at 
a velocity determined by the Lamb mode(s) being excited. Typically, the Ao, So, and Al 
modes can be excited. At low values of (}o, the field is dominated by the specular reflection. 
But as (}o increases, the reflected signal separates into specular and nonspecular 
components. Since the distance from the interface to the transducers is fixed, only the 
segment of the nonspecular path that lies along the fluid-solid interface changes with (}o. 
The length of this segment changes linearly with (}o; thus the path of the nonspecular 
component in Figure 2 is a line. On the other hand, the path followed by the specular 
reflection lies entirely in the water. The water path changes nonlinearly with respect to (}o, 
and therefore the specular component in Figure 2 is curved. The whispering gallery signal is 
present only in solid cylinders and will be discussed later. 
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Figure 3: (a) Reflected signal paths for specular, nonspecular, and whispering gallery signals. 
(b) Angle vs. frequency density plot of reflected field from steel shell at ei = 35°, showing 
the 1, 3, 5, and, 7MHz frequency bands. 
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Figure 4: Comparison of experimental and theoretical measurements of the reflected field 
from a fluid loaded 57 mm SS shell at ei = 35°. 
Taking the Fourier transform of the time-domain data set, the magnitude and 
frequency content of the reflected field are examined. Figure 3(b) shows the magnitude of 
the reflected field plotted as a function of frequency and angle-the lighter shades indicating 
higher magnitude. The transducer fundamental sensitivity is at 1MHz, but harmonics at 
higher frequencies are clearly visible. Of particular importance in Figure 3(b) are the curved 
striations caused by the changing phase relationship between the specular and nonspecular 
components. The interference can also be seen in Figure 2 as the dark horizontal bands 
within the specular component. 
Since the peak sensitivity of the transducer is at 1MHz, we are primarily interested in 
this reflected field component. The 1MHz component is isolated from the transformed data 
set and plotted against the observation angle. In the following figures, the beam axis is 
incident at eo = 0°. 
Figures 4 and 5 compare the experimental and theoretical results for the 57 mm steel 
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Figure 5: Comparison of experimental and theoretical measurements of the reflected field 
from an air loaded 57 mm SS shell at (}i = 35°. 
shell for internal fluid and air loading. As can be seen in both figures, the reflected field 
consists of a large main peak, corresponding to the specular reflection, followed by an 
oscillatory trailing field, corresponding to the leaky wave. For observation angles beyond the 
point of incidence ((}o > 0), the theoretical model predicts the reflected field relatively 
accurately. However, for negative observation angles, the agreement is not as good. The 
fluid and air loaded cases are compared in Figure 6. The reflected fields are nearly identical 
except for a peak at (}o < O. The peak may be caused by a weak component of the leaky 
wave traveling in a direction opposite to the main leaky wave. In the fluid-loaded case, the 
leaky wave radiates into the interior of the shell, as well as into the surrounding fluid, 
damping rapidly. In the air-loaded case, the leaky wave radiates only into the surrounding 
fluid and does not damp as rapidly. Since the beam footprint extends about ±8° around 
(}o = 0°, the radiation from a leaky wave propagating negatively would still interfere with 
the specular reflection, causing the peak. At observation angles below -10°, the leaky wave 
no longer interferes with the specular reflection, and damps out smoothly. 
One copper shell has been examined to test the robustness of the theoretical model. 
The copper was assumed to be polycrystalline. The material properties of copper: low 
velocities, high density, and high material damping, provide an excellent test of the model. 
Figure 7 compares the model and experimental results. The high material damping causes 
the leaky wave contribution to the reflected field to diminish rapidly. Since material 
damping was not included in the theoretical analysis, the model does not predict the 
observed rapid drop in magnitude. Moreover, a secondary oscillation in the reflected field 
appears at 50°, 75°, and beyond. A component of the reflected field that behaves like the 
specular reflection was found upon examination of the time signal. In Figure 2, the 
right-most arrow pointing to the specular component marks this component. This 
component may be the reflection of a transducer side-lobe. Further experiments are planned 
to determine the origin of this component. An air-loaded case has also been measured and 
the reflected field was similar to the fluid-loaded case. 
Although the principal objective of the experiments is to study reflection from 
cylindrical shells, a solid steel cylinder has also been tested to calibrate the data acquisition 
system described above. An interesting result of the measurement is the observation of a 
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Figure 6: Comparison of experimental results for internal air and fluid loading conditions for 
a 57 mm SS shell at Oi = 35°. 
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Figure 7: Reflected field from fluid-loaded 40 mm copper shell at Oi = 28°. 
"whispering gallery" mode. The whispering gallery signal travels through the interior of the 
cylinder (see Figure 3(a)), arriving at the receiver before either the nonspecular or specular 
reflection. Figure 8 shows the time-signals from the experiment. The whispering gallery 
component arrives first, followed by the nonspecular and specular components. 
CONCLUSIONS 
In this paper we have reported on the experimental measurement of finite collimated 
beam reflection from fluid loaded cylindrical shells. These experimental results have been 
compared to a numerical model generated by the Complex Transducer Point method. We 
have found that the model can accurately predict the magnitude distribution of the reflected 
field. We have also found that time-domain pulse excitation measurements can provide a 
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Figure 8: Time domain signal for 57 mm solid stainless steel cylinder at ()i = 30°. 
wealth of information about the structure under study. 
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